Objective: Animal models are required to explore the mechanisms of and therapy for proximal descending thoracic aortic aneurysm (TAA). This study aimed to establish a reproducible swine model of proximal descending TAA that can further explain the occurrence and progression of proximal descending TAA.
Thoracic aortic aneurysm (TAA) refers to the pathologic dilation of the thoracic aorta. 1 TAA is often asymptomatic and found accidentally. 2 TAA may eventually develop into fatal rupture unless it is effectively treated in a timely fashion. 3 Endovascular repair should be a common treatment option for TAA. 4, 5 However, endovascular repair is restricted by abnormal anatomy, especially when TAA involves the aortic arch and proximal descending aorta. 6, 7 Despite great improvement in surgical repair for the treatment of TAA, up to one-third of patients cannot tolerate surgical procedures because of the high risk of complications and invasiveness. 8, 9 Considering the The driving force of TAA formation is extracellular matrix (ECM) remodeling, which leads to the changes of the aortic wall structure and composition. 10, 11 The variation of matrix metalloproteinases (MMPs) facilitates proteolysis, thereby accelerating ECM remodeling. 12, 13 On the other hand, the changes of the cellular components inside the aortic wall prompt the development of TAA. 14, 15 Typically, the decrease in the number of smooth muscle cells and elastic fibers has a great influence on the change of aorta structure and function. 16 To further understand the mechanism of TAA, small animal models of TAA have been established 11, 17 in which the application of elastase to the periadventitial surface of the descending thoracic aorta results in aortic dilation and aortic wall thinning. Meanwhile, the changes of content of MMPs as well as the loss of smooth muscle cells and elastic fibers trigger pathologic ECM remodeling. 11, 18 Although these studies are promising in the research of specific cellular and molecular mechanisms of TAA, they were performed only in small animals. Furthermore, the few large animal models of TAA were usually located in the medial segment of the descending thoracic aorta. 19 Rare reports were aimed directly at the proximal descending TAA. The Wuzhishan miniature pig, which has been extensively inbred, has characteristics of small body size, slow growth rate, and genetic stability. 20, 21 Its high level of homozygosity reduces the differences between groups. Therefore, the purpose of our study was to establish a reproducible swine model that will further elucidate the mechanisms of proximal descending TAA.
METHODS
Experimental design. Eighteen castrated male Wuzhishan miniature pigs (provided by the Laboratory Animal Center of China Medical University, Shenyang, China) were randomized into two groups in a ratio of 2:1 using a random number table: elastase group (n ¼ 12) and control group (n ¼ 6). The elastase group received intra-adventitial injections of elastase (5 mL, 20 mg/mL), and the control group received injections of physiologic saline solution. The Institutional Animal Care and Use Committee of the China Medical University approved all experiments. Animals were cared for in accordance with the principles of laboratory animal care formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals (http://www.nap.edu/catalog/5140.html).
Preoperative management. The animals were maintained under standard animal house conditions for at least 7 days before the experiment. All efforts were made to minimize the animal's suffering and to reduce the number of animals used.
Anesthesia protocol. Animals were anesthetized with intramuscular injection of xylazine hydrochloride at 0.1 mL/kg (Animal Health Products Co, Ltd of Jilin Province, Jilin, China) and 3% sodium pentobarbital at 0.5 mL/kg (Sigma-Aldrich, St. Louis, Mo). Venous access was established through an intravenous cannula in an ear vein and lower extremity vein. Arterial access was established through a 5F arterial sheath in the right carotid artery. After endotracheal intubation, anesthesia was induced with sevoflurane 1.0% (Maruishi Pharmaceutical Co, Ltd, Osaka, Japan) under mechanical ventilation (AM100B; Yishiheng Co, Beijing, China) and maintained with continuous infusion of fentanyl (25 mg/[kg.h]) and propofol injection (4 mg/[kg.h]). Cisatracurium besylate (0.1 mg/kg) was used for muscle relaxation. 22 Surgical procedures. Animals were placed in the right lateral position. Left thoracotomy was performed at the third to fourth intercostal space, and the proximal descending thoracic aorta and left subclavian artery were dissected from the surrounding tissue ( Supplementary Fig 1, online only) . A 4-cm thoracic descending aortic segment proximal to the left subclavian artery was isolated. The distance between the left subclavian artery and the injection starting point of the thoracic aorta was 0.5 cm. Elastic protease (5 mL, 20 mg/mL; product No. M0139; Kayon Biological Technology Co, Ltd, Shanghai, China) was circumferentially injected intra-adventitially into the isolated segment of the aortic wall in the elastase group by a handmade bent syringe (26-gauge) . The length of the elastic protease injection was 2 cm. An average of 12 injection points were distributed in this 2-cm aortic segment. Each injection point used about 0.4 mL of elastic protease. The distance between two injection points was about 1.5 cm. A piece of absorbable gelatin sponge (Jinling Pharmaceutical Co, Ltd, Nanjing, China) was wrapped around the aorta to reduce erosion of lung and heart. However, the control group received injections of physiologic saline solution. The thoracic cavity was closed in layers, and all animals were allowed to recover. Digital subtraction angiography (DSA). All animals underwent DSA preoperatively (day 0) and 3 weeks after operation (day 21). A 5F pigtail catheter (Cordis, Bridgewater, NJ) was inserted into the ascending aorta through the arterial sheath in the right carotid artery, and 25 mL of iodinated contrast agent (Optiray; Tyco Healthcare, Montreal, Quebec, Canada) was infused through a dualsyringe power injector (Ulrich Medical, Ulm, Germany) at a speed of 15 mL/s. The diameter of the injected part of the aorta (day 0 and day 21) was determined at its maximum point of measurement as previously reported. 23 The distance between the left subclavian artery and the TAA was also measured. All data were collected at least six times, and the average values were used as the final results. The injected aortic segment was identified as aneurysm under DSA when the diameter was >1.5 times the preoperative diameter in the same aortic level. The carotid artery catheter was pulled out after surgery (day 0). The skin of the carotid artery puncture point was pressed 10 minutes to stop bleeding. No complications occurred. The artery pathway was established again at the terminal operation (day 21).
ARTICLE HIGHLIGHTS
Aortic tissue harvest. At day 21 (n ¼ 18), the animals were euthanized with intravenous pentobarbital (60 mg/kg). A lateral sternotomy was performed immediately after DSA. The injected aortic segment was harvested. One portion of the aortic samples was harvested and placed in 10% formalin for histologic analysis. The other portion of each specimen was snap-frozen in liquid nitrogen and stored at À80 C, subsequently used for Western blot and reverse transcriptionpolymerase chain reaction analysis.
Aortic histologic measurements. The aorta tissues from the two groups were fixed in 10% formalin for 48 hours and then paraffin embedded; 5-mm-thick cross sections of arterial tissue were stained with hematoxylin and eosin and elastic van Gieson. The thickness of the arterial wall was determined at five random low-power fields from each aortic section for each pig, which was stained with hematoxylin and eosin. Elastin content was evaluated by the elastic van Gieson-stained area under the microscope using ImageJ 1.41 software (National Institutes of Health, Bethesda, Md). The proportion of elastin content in the total artery area was collected in five random high-power fields from each aortic section for each pig.
Immunohistochemical technique was used to identify and quantify the cellular composition of the aortic wall. Cell type-specific antibody was used to identify smooth muscle cells and fibroblasts. Rabbit anti-a-smooth muscle actin (a-SMA; 1:300, ab2547; Abcam, Cambridge, Mass) and MYH11 (rabbit anti-smooth muscle myosin heavy chain 2, 1:200, ab53219; Abcam) were used to detect smooth muscle cells and myofibroblasts. 19 To detect MMPs 2 and 9, mouse monoclonal anti-MMP2 antibody (4D3; 1:200, ab2462; Abcam) and mouse monoclonal anti-MMP9 antibody (56-2A4; 1:200, ab58803; Abcam) were used. Some slices were applied to negative controls ( Supplementary Fig 2, online only) and were dealt with the same way but without the addition of the primary antibodies. The number of positively stained cells was counted from a minimum of five digitized images of high-power fields from each aortic section for each pig. Immunohistochemical technique is described in detail in the Supplementary Methods (online only).
RNA extraction and real-time polymerase chain reaction. Approximately 40 mg of TAA tissue was used for total RNA extraction using RNAiso Plus (Takara Bio Inc, Shiga, Japan), according to the manufacturer's instructions. Quality and quantity of RNA were determined by measuring the absorbance at 260 and 280 nm using Multiskan GO (Thermo Fisher Scientific, Waltham, Mass). All of the samples have an absorption ratio of A260/ A280 between 1.8 and 2.0. Quantitative real-time polymerase chain reaction was performed using SYBR Green Computations and data analysis. Statistical analysis was performed using SPSS (version 22.0; IBM Corp, Armonk, NY) and GraphPad (Prism 5.0; GraphPad Software Inc, La Jolla, Calif) to obtain P values and to make all graphs. Results in Figs 1-3 are expressed as means 6 standard error of the mean. Results in Fig 4 are expressed as fold change 6 standard error of the mean compared with the control group. Mann-Whitney U test was used to compare data. Two-tailed significance levels are reported when P < .05 was considered statistically significant.
RESULTS
All 18 animals survived the surgical procedure. No animals experienced aortic rupture in the 3 weeks of follow-up. Dilation started within the region of induction and typically extended 0.5 to 1.0 cm beyond the most distal point of the treatment region. The length of aneurysm was about 2.5 cm on average. Aortic wall thinning and dilation were grossly observed on aortic transverse section in the elastase group vs the control group animals (Fig 1, A; Supplementary Fig 3, online only) . All animals in the elastase group developed TAA at the injected region by day 21 (Fig 1, B and C) , whereas no TAA was observed in the control group.
Diameter and distance measurement. Preoperative and postoperative aortic diameters of the elastase group were 15.42 6 0.43 mm and 24.53 6 1.41 mm, respectively (P < .0001). Preoperative and postoperative aortic diameters of the control group were 15.31 6 0.33 mm and 15.57 6 0.40 mm, respectively (P ¼ .5211 ; Fig 1, D) . The distance between the left subclavian artery and TAA was 8.00 6 4.19 mm (Fig 1, E) .
Histologic findings. The changes in the structure of the aortic wall mainly manifested the decrease of arterial wall thickness and the quantity of elastic fibers. The aortic wall thickness (Fig 2, A-C) was decreased by 832.74 6 39.37 mm compared with the control group, 1252.35 6 24.47 mm (P ¼ .0009). The number of elastin fiber was also decreased by 26.67% 6 1.98% (Fig 2, D-F) as determined from histologic sections compared with the control group, 40.83% 6 1.54% (P ¼ .0012).
Changes in aortic cellular constituents were detected by immunohistochemical staining. MMP2 and MMP9 were both increased in the elastase group compared with the control group (P < .0001; Fig 3, A-C and D-F) .
Specifically, a marker for both smooth muscle cells and myofibroblasts (a-SMA) was reduced in the elastase group compared with the control group (Fig 3, G-I ; P < .0001). On the contrary, a marker for myofibroblasts, MYH11, was increased in the elastase group compared with the control group (Fig 3, J-L; P < .0001). MMP2 and MMP9 messenger RNA (mRNA) levels were elevated by approximately 3.27-fold and 3.12-fold at 3 weeks after TAA induction (Fig 4, A and B ; P ¼ .0009). Compared with control animals, MMP2 and MMP9 protein abundance was increased significantly at 3 weeks after TAA induction (Fig 4, C) . The ratio of MMP2 to b-actin displayed a sharp 2.89-fold increase (Fig 4, D; 
DISCUSSION
TAA was secondary to abnormal ECM remodeling. The changes of MMPs promote protein hydrolysis, which results in aortic wall thinning and expansion. 15, 19 Although a large number of studies 11, 18, 23, 24 have been done in the wild-type and transgenic mouse models of TAA and clinical specimens can be obtained from surgical intervention, the absence of a large animal model of proximal descending TAA restricts the capacity to enforce mechanistic research. The Wuzhishan miniature pig, which has been extensively inbred, has characteristics of small body size, slow growth rate, and genetic stability. 20, 21 Its high level of homozygosity reduces the differences between groups. Therefore, the aim of this study was to establish a reproducible swine model of proximal descending TAA that can further elucidate the mechanism of proximal descending TAA. This study has three unique findings. First, this experiment method can lead to thoracic aorta expansion and formation of an aneurysm at 3 weeks. Second, the changes in the aortic wall structure, the aortic cellular contents, and the amount of MMPs were in line with the clinical signs of TAA disease. Third, the short distance between the aortic arch and TAA is beneficial to research a new branch of thoracic aortic stents. Therefore, this large animal model of TAA may provide a reproducible platform for research into the mechanism of proximal descending TAA and a treatment strategy for this devastating disease. Many factors are involved in the cellular and extracellular mechanisms of TAA formation and progression. 24, 25 The changes of ECM components and structure in the long term result in elastic fiber fracture and connective tissue degeneration of the aortic wall. 25 Initiation and progression of the proximal descending TAA involve both hemodynamic factors, such as high blood pressure related to increased aortic wall tension, and enhanced local protein hydrolysis in the aortic wall, which weakens the structure of the framework. 19 Taken together, these changes lead to a reduced aortic elasticity and compliance and an increased risk of disastrous aortic rupture. In this study, the intra-adventitial injection of elastic protease was applied to induce experimental proximal descending TAAs in swine. This method could reproducibly induce the expansion of the descending aorta, which was consistent with the formation of TAA. 11, 17, 23 When aortic diameters were evaluated through macroscopic observation or DSA, a remarkable expansion of the aorta was identified. This expansion is accompanied by a significant aortic wall thinning, elastin fracture, and a reduced number of elastic layered units. In addition, the levels of MMPs were increased, indicating enhanced hydrolysis of the ECM. To date, a large animal model of proximal descending TAA has been rarely reported. Most previous animal Changes in thoracic aortic geometry. A, Cross sections of proximal descending thoracic aorta tissue were harvested from the control group (left) and the elastase group (right). B, Preoperative digital subtraction angiography (DSA) of thoracic aorta. C, An aneurysm can be clearly seen in the proximal descending thoracic aorta by DSA 3 weeks after operation. D, Postoperative aortic diameter was measured at the widest part of the thoracic aorta; preoperative aortic diameter was measured at the same level of the thoracic aortic aneurysm (TAA). Preoperative and postoperative aortic diameters of the elastase group were 15.42 6 0.43 mm and 24.53 6 1.41 mm, respectively (P < .0001). Preoperative and postoperative aortic diameters of the control group were 15.31 6 0.33 mm and 15.57 6 0.40 mm, respectively (P ¼ .5211). E, The distance between the left subclavian artery and TAA was 8.00 6 4.19 mm. models involved abdominal aortic aneurysms (AAAs). 18, 23, 25 A rabbit model of AAA using periarterial incubation of pancreatic elastase has demonstrated a decrease in elastic fiber and an increase in MMPs. 23 However, the regional heterogeneity between the thoracic and abdominal aortas should be noted. The experimental results of the AAA model should not be readily extrapolated to TAA. The few reports of large animal models of TAA were usually located in the medial segment of the descending thoracic aorta. 19 Rare reports were aimed directly at the proximal descending thoracic aorta. Therefore, our study is necessary to develop a reproducible model of proximal descending TAA in swine based on the previous experiences.
It is now generally accepted that the changes of aortic vascular structure and the geometry in the formation and development of TAA are partially mediated by the alterations in the content of a family of ECM proteolytic enzymes, MMPs. 12, 13 In the presence of TAA, MMP levels are increased to enhance protein hydrolysis. Indeed, previous research from our team and others using clinical specimens of TAA have shown that MMPs lead to an enhanced proteolysis. 13 13 demonstrated that the ratio of MMP2 was increased in clinical TAA specimens, suggesting that TAA was in an enhanced protein hydrolysis condition. In this study, the general abundance of MMP2 and MMP9 was observed in both protein and gene levels. This finding suggested that these key stoichiometric mediums are conducive to proteolytic phenotype. Taken together, high protein hydrolysis may drive aneurysm formation and development in this model. Most research regarding the mechanisms involved in the formation and development of TAA has been confined to small animal models of TAA. 17, 23, 24 Evidence suggested that the murine models of TAA could replicate many structural and biochemical characteristics observed in clinical specimens. 17 Histologic studies of the murine model of TAA demonstrated a reduction of aortic wall thickness and a gradual damage of elastic structure with progressive expansion of aorta. 24 In addition, the variation in content of MMPs is accompanied by TAA occurrence and development. 26 Molecular biology studies showed that several MMPs play an important role in the process of ECM protein hydrolysis leading to aortic dilation. 27 Specifically, Shen et al 13 reported that an increasing abundance of MMP2 will accelerate the formation of aneurysms. Importantly, TAA developed in wild-type mice but not in the animals that were deficient in MMP2. This conclusion was confirmed by a study 19 illustrating that accompanying the loss of the aortic smooth muscle cells, there was an increase in the contents of MMPs in the formation and development of TAA. Cell specificity antibodies, such as a-SMA and MYH11, were used to detect smooth muscle cells and myofibroblasts, respectively 19, 28 ; a-SMA was decreased but MYH11 was increased. These data suggest that the dynamic change of aorta cell components was also involved in the process of TAA. Importantly, these changes of cellular components have a cooperative effect in TAA formation and development by mediating the changes of proteolytic enzyme activity in the ECM. 28 In this study, immunohistochemical detection showed that a-SMA was decreased but that MYH11, MMP2, and MMP9 were increased. These results suggest that the change of aortic cell components during pig TAA formation and development may partially mediate the myofibroblasts helpful to the ECM remodeling process. Therefore, this reproducible swine model of proximal descending TAA may provide the basis for further research into the mechanisms of proximal descending TAA. This study has some limitations. First, because a repeatable noninvasive method was lacking, such as threedimensional reconstruction computed tomography or magnetic resonance imaging, it is difficult to comprehensively observe the aortic changes preoperatively and postoperatively. DSA, a way of two-dimensional imaging, is employed in this study. If tangent photography was not employed, the diameter would be measured incorrectly. The diameter of the TAA might be underestimated or overestimated. For comprehensive understanding of Cellular content changes in control group and elastase group. A-C, Matrix metalloproteinase 2 (MMP2) was increased significantly in the elastase group compared with the control group (P < .0001). D-F, Matrix metalloproteinase 9 (MMP9) was increased in the elastase group compared with the control group (P < .0001).
G-I, Staining of a-smooth muscle actin (a-SMA), a marker for both smooth muscle cells and myofibroblasts, was decreased in the elastase group compared with the control group (P < .0001). J-L, Myosin heavy chain 11 (MYH11), a marker for myofibroblasts, was significantly increased in the elastase group compared with the control group (P < .0001). Bar ¼ 200 mm (magnification Â400).
TAAs, enhanced computed tomography will be used preoperatively and for follow-up in the future. Second, this model did not assess atherosclerosis, which is one of the main pathogenic factors of TAA. The influence of cholesterol-enriched diet on TAA would be necessary in future study. Third, the results of aortic histologic examination and aortic diameter measurement were obtained at a single time point (3 weeks after operation). We could not evaluate whether and to what extent protein expression and aortic expansion developed with time. Fourth, although there is an important relationship between aortic diameter and the change in the content of MMPs, the causality between them cannot be established.
CONCLUSIONS
This study demonstrated the creation of a new and reproducible swine model of proximal descending TAA that has the same biochemical characteristics as human aneurysms. This model may be greatly valuable to explore the mechanism of TAA and to provide a platform for potential new diagnostic, prognosis, and treatment strategies for TAA. 
